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MULTIPLE ELECTRODE FIELD ELECTRON EMISSION 
DEVICE AND METHOD OF MANUFACTURE 

This invention relates to a multiple electrode field electron emission device which 
controls field-emitted electrons originating from a cold cathode. More specifically, this 
invention relates to a multiple electrode field electron mission device having a linearly 
related input signal voltage and anode current. The device is useful in applications, such as, 
power amplifiers, linear amplifiers, and switching circuits. 

An example of a multiple electrode field electron emission device is reported by [Junji] 
Ito in Journal of Applied physics, Volume 59, number 2, pages 164 to 169 (1990). A 
generalized illustration of such a prior art multiple electrode field electron emission device 
is shown in FIG. 33, and is referred to a flat triode device. It has such a structure in which a 
wedge shaped emitter electrode (cathode) 102 , a column shaped gate electrode 103, and a 
anode 104 are sequentially fabricated on the surface of a quartz substrate 101. The triodes 
are formed by using a photo-etching process to deposit and shape a thin tungsten film one 
micron thick. The emitter electrode 102 has a pitch of 10 microns and has 170 emission 
projections. The distance between gate electrode 103 and emitter electrode 102 is 15 microns. 
The distance between the gate electrode 103 and anode 104 is 10 microns. 

When the electrical properties of this triode device are measured in a vacuum of SxlO* 6 
pa, the emission current of emitter is a Fowler-Nordheim (F.N) tunnel current. With the gate 
and anode voltages set at 220 V and 318 V, respectively, an anode current of about 1.2 
micro-amps is obtained. This amounts to about 7 |xA of anode current for each emitter 
electrode element and the mutual conductance for these elements is about 0.1 jis. 

However, such a prior art triode device structure has a number of potential problems, 
which will be discussed hereafter. That is, part of electrons emitted from electrode 102 
toward anode 104 flow to positively biased gate electrode 103 because of its intermediate 
position between the two other electrodes 102 and 104. Because the gate currents equal to or 
higher than the anode current, the gate input resistance is very small. That is, the electron 
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yield (anode current divided by total emission current) flowing to anode 104 decreases, 
causing a reduction in electrical properties because characteristics such power efficiency and 
mutual conductance are reduced. Therefore, this technology provides about a 60% yield. 
When controlling anode current of triode device with a low input resistance triode, in order 
to apply inputting signal to gate electrode 103, it is necessary to provide a drive circuit which 
can control parameters such as large current and large power and so on. This limitation 
makes it difficult to use the prior art triode devices as current amplifiers and power 
switches. 

In addition, the triode emission current of emitter electrode is in the form of 
Fowler-Nordheim (F-N) tunnel current which increases or decreases exponentially relative 
to changes in the gate voltage. As a result, the anode current changes exponentially along 
with the gate input signal. Triode devices possessing this type of non-linear input and output 
relationship, are not capable of being used for applications such linear amplifiers. 

Furthermore, in order to increase performance by enlarging the mutual conductance 
of the triode device, it is necessary to modified the gate electrode 103 structure and enlarge 
the emission surface area of emitter electrode 102. However, enlarging the emission surface 
area also increases the number of electrons flowing to gate electrode 103. Therefore, a power 
amplifier with high performance cannot be obtained using current technology. 

Cathode 102 and gate electrode 103 are typically fabricated during the same 
photo-etching process. Electrode separation is determined by the resolution of the 
photoresist when which is exposed, and is practically limited to 0.8 microns. Furthermore, as 
process geometries become smaller, variations increase. The magnitude and uniformity of 
the threshold voltage for electron emission in the field electron emission device largely 
depends on the distance between cathode 102 and gate electrode 103. As a result reducing 
threshold voltage in current triode devices is difficult and even when successful provides 
poor uniformity. 

The threshold voltage of the field electron emission device also depends chiefly on the 
radius of curvature for the tip of the cathode 102 elements. That is, the smaller the radius of 
curvature for an electrode tip, the lower the threshold voltage. To obtain a practical 
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threshold voltage, it is desirable to have a tip radius of curvature of 1000 angstroms or less. 
However, fabrication of a practical tip radius of curvature is difficult with current 
processing technology, which is generally limited to 2000 angstroms because of photoresist 
seepage. 

Therefore, the present invention was developed to overcome these problems found in 
the art. Purposes and objectives of the invention include offering a high performance 
multiple electrode field electron emission device with a large gate input resistance, a linear 
input and output relationship and a large mutual conductance, and offering a 
manufacturing process for such a multiple electrode field electron emission device. 

The multiple electrode field electron emission device of the invention is characterized 
by comprising at least one field effect electron emitting cathode, a gate electrode for 
applying an electric field to the cathode, an anode collecting the emission electrons, and a 
control electrode disposed between the cathode and the anode so as to control the aforesaid 
electron emission. Another features of the invention is, comprising at least one island shaped 
insulating layer, which is formed on one surface of a insulating flat substrate; a cathode, 
which has one or more emission projections that overhang the edge of the island shaped 
insulating layer; a gate electrode, which is formed on the aforesaid flat substrate surface in a 
generally vertical proximity to the emission projections; an anode, which is formed on the 
aforesaid flat substrate surface, and a control electrode is disposed on the aforesaid flat 
substrate and between the aforesaid gate electrode and the aforesaid anode. 

Moreover, the multiple electrode field electron emission device of the invention is 
characterized by a screen electrode which is formed between the aforesaid control electrode 
and the aforesaid anode to electrostatically screen the aforesaid control electrode and the 
aforesaid anode; and a suppresser electrode which is disposed between the aforesaid screen 
electrode and the aforesaid anode to control secondary electron emitted by the anode. 

The method of manufacturing the field electron emission device of this invention 
comprises the processes of forming a cathode possessing one emission projection projected 
substantially parallel to the surface of the flat substrate, the process including at least 
depositing and forming an etching mask layer on the aforesaid flat substrate, depositing and 
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forming a cathode on the surface of the aforesaid etching mask layer, depositing and 
forming an etching passivation layer on the surface of the aforesaid cathode; the process of 
processing the aforesaid etching mask layer to form an etching mask for the emission 
projection; and the process of forming the cathode layer in the shape of the aforesaid etching 
mask so to create a cathode with emission projections. 

In addition, the method of manufacturing the field electron emission device of this 
invention comprises at least the processes of forming an etching mask layer on the surface of 
a flat substrate; forming a cathode layer on the surface of the aforesaid etching mask layer; 
forming a resist layer on the surface of the aforesaid cathode layer; processing the cathode 
layer in the shape of the surface of the aforesaid resist layer; processing the aforesaid 
etching mask layer using an over-etching method to form an etching mask; removing the 
aforesaid etching mask from a lower periphery of the cathode and patterning the cathode in 
the shape of an cave; forming a gate electrode layer using directional particulate deposition; 
and processing the aforesaid gate electrode layer to form a gate electrode. 

The multiple electrode field electron emission device of the invention comprises a 
cathode forming on an insulating layer formed on a surface of a insulating flat substrate, the 
cathode having a plurality of projections projected from the insulating layer; an anode 
formed on a surface of the said flat substrate and collecting emitted electrons; a gate 
electrode which is formed between the said cathode and the said anode and has an opening 
at a position of the projection; and a control electrode formed between the said gate 
electrode and said the anode. 

The multiple electrode field electron emission device of this invention comprises at least 
a cathode that emits electrons according to field effect; a gate electrode that applies an 
electric field on the aforesaid cathode; an anode that collects emitted electrons; and a control 
electrode that is placed between the aforesaid cathode and the aforesaid anode to control the 
aforesaid emitted electrons. In addition to the aforesaid cathode, the gate electrode, the 
control electrode, and the anode, it further comprises another control electrode formed 
between the aforesaid control electrode and the aforesaid anode; an screen electrode which 
electrostatically screens the electrostatically anode; and a suppresser electrode formed 
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between the aforesaid screen electrode and the aforesaid anode to control the secondary 
electrons of the aforesaid anode. 

The cathode of the invention is formed on the surface of the insulating layer that is 
formed on the insulated flat substrate, and has emission projections that overhang from the 
insulating layer. The insulating layer may be formed in the shape of an island in 
correspondence with the shape of the emission projections. The opening in the gate electrode 
layer is for the purpose of efficiently collecting emitted electrons from the cathode on the 
anode. If, for example, the opening was a ring shape and was formed at the corresponding 
position of the projection, there would be a remarkable reduction in the volume of electrons 
that flow to the gate electrode and the gate input resistance would become very high. That is 
the gate and control currents decrease as result of emission current flowing trough the inside 
of the opening of the ring shape and parasitic currents also decrease. 

Embodiments of the invention are described hereafter. FIG. 1 is a cross sectional 
schematic view of a part of a tetrode field electron emission device. In FIG. 1, a gate 
electrode 5 and control electrode 6 in the device are formed of molybdenum thin film of 1000 
angstroms, and disposed on a surface of a flat substrate 1. An insulating layer 2, which is of 
5,000 angstroms thick and made of silicon dioxide and adjacent to both gate electrode 5 and 
control electrode 6. A cathode 3 is formed on one surface of insulating layer 2 adjacent to 
gate electrode 5, and is 2,000 angstroms thick. The cathode 3 is configured with overhanging 
emission projections 4. An anode 7 is formed on the surface of insulating layer 2 adjacent to 
control electrode 6, which is 2,000 angstroms thick. 

Cathode 3 is formed as following: a first deposited cathode fryer (3a) is tungsten (W) 
film with a thickness of 1,000 angstroms and a second deposited cathode layer (3b) is 
molybdenum (Mo) film with a thickness of 1,000 angstroms. Like cathode 3, the structure of 
anode 7 is such that a first anode layer (7a) and a second anode layer (7b) are both deposited. 
The tetrode, that is, cathode 3, gate electrode 5, control electrode 6 and anode 7, are placed 
on the surface of flat substrate 1 in this respective sequence. 
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Cathode 3 is configured to have multiple emission projections 4 which are aligned in a 
row with a pitch of 5 microns. Emission projections 4 are structured so that they project 
parallel to the direction of gate electrode 5 which is on the surface of flat substrate 1. Island 
shaped insulating layer 2 is patterned so that it does not exist in the vicinity of the emission 
projection tips. The radius of curvature for the tip of emission projections 4 along the flat 
direction is about 400 angstrom. 

Gate electrode 5 is formed so that it self-aligns to cathode 3 and has a recession area of 
nearly the same shape as the emission projections 4 in the lower vertical portion of emission 
projections 4. The distance (Lgk) between gate electrode 5 and emission projections 4 is 
determined by the film thickness of island shaped insulating layer 2 and gate electrode layer 
5. This is a value for which the film thickness of gate electrode S is subtracted from the film 
thickness of island shaped insulating layer 2 (Lgk=4,000 angstroms). Based on recent 
methods of structuring thin films, the control of the film thickness is very good. As a result 
the controllability of Lgk and reproducibility and uniformity of this device are excellent 

The width of gate electrode 5 in the vicinity of tips of the emission projection 4 is about 
2 microns. The distance ( spacing) between gate electrode 5 and control electrode 6 is 4 
microns. The width of control electrode 6 is 8 microns. The distance ( spacing) between 
control electrode 6 and anode 7 is 10 microns. The smaller the width of gate electrode 5, the 
smaller the gate current and the better the power efficiency. Also, the larger the width and 
surface area of anode 7, the higher the electron yields. The wider control electrode is, the 
larger the mutual conductance and the greater the controllability of the anode current. 
However, because the width quantity of electrons (control current) that flow to control 
electrode 6 increases, the width of the control electrode is determined by a balance between 
these parameters. It is ideal to have dimensions in a range in which the width of control 
electrode 6 is greater than the width of gate electrode 5 but smaller than the width of anode 
7. To increase the amplification factor (h=Ccg/C A g ,where C C g is the capacitance between 
gate electrode 5 and control electrode 6, and C A g is the capacitance between gate electrode 5 
and anode 7.), means decreasing the width of control electrode 6 and enlarging the space 
between control electrode 6 and anode 7. 
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FIG, 2 illustrates the process of manufacturing the tetrode field electron mission device 
shown in FIG. 1- It is a longitudinal cross sectional view in a state in which the main 
structural manufacturing processes have been completed. FIG. 2(A) shows the device after 
sequential formation of insulating layer 8, cathode 9, and etching passivation layer 10 on the 
surface of flat substrate 1 and after formation of photoresist layer 11. Flat substrate 1 is an 
insulating quartz material. Insulating layer 8, cathode 9, and etching passivation layer 10 
are deposited in turn using a sputter deposition process. Insulating layer 8, cathode 9, and 
etching passivation 65 layer 10 are composed of a 5,000 angstrom silicon dioxide thin film, a 
1,000 angstrom tungsten thin film and a 2,000 angstrom silicon dioxide thin film, 
respectively. Photoresist layer 11 is patterned after a desired shape for cathode 3 and anode 
7. 

FIG. 2(B) is a cross sectional view of the device after fabrication of the etching mask by 
etching passivation layer 10 through over-etching. The over-etching technique employs 
HF(hydrofluoric acid) type etching solution which selectively etches passivation layer 10 so 
that etching passivation layer 10 etched away is more than what is delimited by the shape of 
photoresist layer 11. It is possible to obtain etching mask 12, which has small radius of 
curvature emission projections 4, by etching passivation layer 10 more than the curvature 
radius of the area on photoresist layer 11 that corresponds to emission projection 4, front the 
outer periphery inward. In this embodiment, the curvature radius of photoresist layer 11 is 
3,000 angstroms. Therefore, about 5,000 angstroms of over-etching are used to obtain 
etching mask 12, which has a tip curvature radius of 300 angstroms. 

FIG. 2(C) is a cross-sectional view of the device after cathode layer 9 has been 
fabricated and after the first cathode layer (3a) and the first anode layer (7a) have been 
formed. Etching mask 12, which will have sharp emission projections after the removal of 
photoresist layer 11, is used to fabricate cathode layer 9. Dry etching is used to fabricate 
cathode layer 9. Dry etching takes place for five minutes at a gas flow ratio of CF4/O 2 =60/120 
and a radio power of 700 watts. At this time, cathode 9 is over-etched to obtain the first 
cathode layer (3a), which exhibits sharp emission projections with a tip curvature radius of 
300 angstrom. 
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FIG, 2(D) is a cross-sectional view of the device after the insulating layers has been 
etched away in sections, forming island shaped insulating layer 2, and exposing emission 
projections 4. First cathode layer (3a) and first anode layer (7a) are used as etching masks to 
remove the unnecessary portion of insulating layer 8 with an HF etching solution and form 
island shaped insulating layer 2. At this time, emission projections 4 are exposed such that 
they overhang from island shaped insulating layer 2. Also, etching mask is removed and flat 
substrate 1 shows almost no etching because it is made of quartz. 

FIG. 2(E) is a cross-sectional view of the device after gate electrode layer 13 has been 
formed using the directional particulate deposition method. Sputtering is used as the 
directional particulate deposition method to deposit a molybdenum (Mo) thin film layer of 
1,000 angstroms in thickness to form gate electrode layer 13. The directional particulate 
deposition method shoots out particles and deposits them on the surface of flat substrate 1 in 
a nearly perpendicular direction from the particle source. When this method is used, the 
overhanging portions, such as emission projections 4, become a cover, allowing molybdenum 
thin film layer 131, which is deposited on the top of first cathode layer (3a), molybdenum 
thin film layer 132, which is deposited on the surface of first anode layer (7a), and gate 
electrode layer 13, which it deposited on the surface of flat substrate 1, all to be electrically 
isolated. In addition, emission projections 4 and the overhanging portion, which has the 
same shape as these projections, are fabricated so that they self-align to the lower vertical 
portion of emission projections 4. (Even if the position of one of the electrodes is not aligned, 
the other electrode will be fabricated so that its position corresponds to that vertically 
aligned position.) Vapor deposition, sputtering, electron cyclotron resonance (ECR), plasma 
deposition and the clustered ion beam can be used as the directional particulate deposition 
method. 

FIG. 2(F) is a cross-sectional view showing the device after gate electrode 13 and 
molybdenum thin film layers 131 and 132 have been etched and after second cathode layer 
(3b), gate electrode 5, control electrode 6, and second anode layer (7b) have been fabricated. 
After photo-etching technology is usejd and the overhanging portions of emission projections 
4 and gate electrode 5 have been covered with photoresist, the molybdenum thin film is 
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etched by employing dry etching. 

The tip curvature radius of emission projections 4 of the cathode 3 of a completed 
multiple electrode field electron emission device is 400 angstroms. This is due to first cathode 
layer (3a) having more roundness because of the deposition of second cathode layer (3b). 
However, this roundness causes the surface area of emission projections 4 that is in the 
electric field to enlarge, making it possible to obtain electron emissions that are large in 
volume and are stable. Where the materials used for first cathode layer (3a) and second 
cathode layer (3b) are different, for the most part, if either the emission projections part of 
first cathode layer (3a) or second cathode layer (3b) are etched away, emission projections 4 
will become thinner and the film thickness direction tip curvature radius becomes smaller, 
making possible a multiple electrode field electron emission device that has a low threshold 
value. 

If the distance between the cathode and the gate electrode are uniformly shortened and 
the radius of curvature for the emission projection tips are made small, the threshold voltage 
is reduced. The manufacturing process for this configuration is described using a triode field 
electron emission device. 

FIG. 3 is a perspective view of a triode field electron emission device manufactured 
employing this manufacturing process and procedure. The major components of the device 
are flat substrate 1; island shaped insulating layer 202; cathode 203, which is equipped with 
emission projections 4 which are formed as overhangs on the surface of the cathode; gate 
electrode 205, which is formed so that it self-aligns to emission projections 4; and anode 7, 
which is formed on the surface of flat substrate 1. Around island shaped insulating layer 202, 
particularly in the vicinity of gate electrode 205 on flat substrate 1 is slope 213. Slope 213 has 
the advantage of reducing the situations in which electrons emitted from emission 
projections 4 flow to gate electrode 205, and it improves the power efficiency of the field 
electron emission device. 

The field electron emission device has 100 emission projections which have 5 micron 
pitch and are aligned in a row. The tip curvature radius of emission projections 400 
angstroms. The distance (L G k) between cathode 203 and gate electrode 205 is 4,000 
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angstrom. The width of gate electrode 205 at the tip of the mission projection (4) is 2 microns. 
The distance (L G k) between cathode 203and anode 7 is about 10 microns. Flat substrate 1 
may be made of a 7059 glass substrate manufactured by Coning Corporation. Island shaped 
insulating layer 202 is made of a 5,000 angstrom thick silicon oxide film, and first cathode 
(203a) is made of a 1,000 angstrom thick molybdenum (Mo) thin film. Second cathode (203b), 
gate electrode 205, and anode 7 are all made of a 2,000 angstrom thick tantalum (Ta) thin 
film. The angle of slope 213 is approximately 10 degrees. 

FIGS. 4(A)-4(F) are cross-sectional views of flat substrate 1 at the completion of the 
main manufacturing steps for the field electron emission device shown in FIG. 3. FIGS. 
5(A)-5(C) are illustrations of flat substrate 1 that correspond to FIGS. 4(B), 4(D), and 4(E), 
respectively. The manufacturing process of the field electron emission device of this 
embodiment will now be described. 

First, insulating layer 8 and cathode layer 9 are formed on the surface of flat substrate 
1 followed by resist layer 11 as illustrated in FIG. 4A. Flat substrate 1 is manufactured from 
material such as #7059 glass which has insulating properties. Insulating layer 8 is a 5,000 
angstrom thick, thin silicon dioxide film layer formed using atmospheric pressure CVD 
techniques. Cathode layer 9 is a 1,000 angstrom thick thin molybdenum (Mo) film layer 
deposited using sputtering. Photoresist layer 11 is generally in the shape of cathode 203 and 
is formed using photo-etching. 

Next, cathode layer 9 is processed according to the shaping of resist layer 11 to form 
temporary cathode layer 91, which is illustrated in both FIG. 4(B) and FIG. 5(A). The 
molybdenum thin film cathode layer 9 is etched by means of employing a dry etching 
method using CF 4 gas. The tip of the photoresist 11a has a tip curvature radius of 7000 
angstroms, which is the same as that for temporary cathode 91. 

Next etching mask layer 81 is formed by over-etching insulating layer 8. As illustrated 
in FIG. 4C. Over-etching is the method in which insulating layer 8 is etched away deep 
within a stipulated region in temporary cathode 91 using an isotropic etching meant. 
Because etching of temporary cathode 91 progresses at an equal rate from the outer 
periphery in an inward direction using the isotropic etching means, the convex areas have a 
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sharp shape. As a result, there is a characteristic in which Over-etching allows a small tip 
curvature radius in the convex areas. 

An HP type etching solution is employed as the isotropic etching means to over-etch the 
silicon dioxide thin film of insulation layer 8. When the outer periphery of temporary 
cathode 91 is etched to 1.5 microns inward, reverse taper shaped etching mask 81 is formed 
with a protruding portion with a tip curvature radius of 300 angstroms. Compared to the 
7000 angstrom tip curvature radius of temporary cathode 91, a twenty-fold increase in 
sharpness is achieved. In this process, the surface of flat substrate 1 is etched to form sloped 
surface 213 around etching mask 81. The speed of etching the insulating layer8is five times 
faster compared to that of flat substrate 1. As a result the grade of the sloping surface 213 
that is formed at the foot of emission projection 4 is about 10 degrees. 

Next, temporary cathode 91 is etched to the shape of etching mask 81 to form first 
cathode 203(a), illustrated in both FIG. 4(D) and FIG.5(B). With resist layer 11 covering the 
surface of temporary cathode 91 for protection, when etching is performed from the back 
side, first cathode (203a) is formed having the same flat shape of etching mask 81. The tip 
curvature radius of emission projections 4 of first cathode layer (203a) is about 300 
angstrom. 

Next, the sides of etching mask 81 are etched away to form island shaped insulating 
layer 202, and resist layer 11 is removed, as illustrated in both FIG. 4(E) and FIG. 5(C). 
About 0.7 microns of the sides of etching mask 81 are removed to form cathode (203a) in the 
shape of an eaves and expose emission projection 4 in the shape of overhangs. 

Finally, after forming the tantalum (Ta) electrode layer using directional particulate 
deposition, it is etched to form second cathode (203b), gate electrode 205, and anode 7, as 
shown in FIG.4(F). Sputtering is employed with the directional particulate deposition to 
form gate electrode 205, which is made of a 2000 angstrom Ta thin film. When directional 
particulate deposition is employed, the overhanging portions, such as emission projection 4, 
become a cover, so the second cathode (203b), is deposited on the surface of first cathode 
(203a), and the gate electrode 205 is deposited on the surface of flat substrate 1, become 
electrically isolated. 
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The overhanging portion, which has the same shape emission projections 4, is formed 
so that it self-aligns with emission projection^ Sputtering, vapor deposition, ECR(eIectron 
cyclotron resonance), plasma deposition and the cluster ion beam method are some of the 
methods that may be used as the directional particulate deposition methods. The electrode 
layer of the Ta thin film is processed by means of dry etching to form gate electrode 205 and 
anode 7. At this time, it is important to cover the layer with photoresist so that the 
over-hangs are not corroded. Cathode 203 is an overlapping structure of first cathode (203a) 
and second cathode (203b). The tip curvature radius is about 400 angstroms. In a case in 
which the material used for first cathode layer (203a) and second cathode (203b) are 
different, it is acceptable to remove one of the electrodes at the emission projection and use 
the remainder as an electron emission electrode. If the emission projections are made thin in 
this manner, the tip curvature radius in the film thickness direction becomes smaller, 
allowing lower threshold voltages to be achieved. 

A field electron emission device manufactured in accordance with the previous 
explanation was measured in a high vacuum environment. When the cathode 205 was 
grounded and the anode cathode voltage was maintained at Vak=200 V with a gate cathode 
voltage of Vgk-60 V, the cathode current was Ik=4xl0^ A. When Vgk=100V, 6x 10 5 A was 
obtained. In addition, the parasite capacitance between cathode 203 and gate electrode 205 
was at the order of 10 fF. 

In this embodiment, the material employed for the electrodes, such as, for cathode 203, 
was molybdenum and tantalum thin films. However, this invention is not limited to these 
particular materials. In addition to these materials, other materials that may be employed 
are metals, such as, tungsten, silicon, chrome, and aluminium and alloys of these metals. 
Furthermore, relative to flat substrate 1. Substrate materials, such as, quartz and ceramic 
substrates having good thermal conductance may be employed. As an example, an insulating 
substrate or an alumina substrate with an insulator on the surface of a conductive substrate, 
such as, a silicon substrate, may be employed. Moreover, insulating layer 8 and etching 
mask 81 are not limited to the employment of a silicon dioxide thin film. Thin films, such as, 
silicon nitride thin films and alumina thin films may also be employed. 
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In order to reduce the threshold voltage of the electron emissions, it is also acceptable 
to coat emission projections 4 with materials that have a small work function, such as 
barium, thorium and cesium. In addition, cathode 203 may be made of such a material. 

In order to reduce the noise from electron emissions, it is possible to create an adequate 
number of emission projections 4 as well as increase the S/N ratio by driving these and 
creating electron emissions at the same time. Electron emissions do not have to originate at 
one point, that is, the tip of the emission projections. They can originate from auxiliary 
projections created on the side of the tip, and this will provide the same effect. In addition, 
excessive current flow and noise can be prevented by connecting self-bias resistance or 
non-linear resistance directly to the cathode. 

By putting a fluorescent material on the surface of cathode 7 and forming a light 
emitting display or by forming a material such as a copper thin film that generates X-rays 
and exciting this with electron beam, it is possible to create a minute x-ray source. Of course, 
the manufacturing process described above can be used in the same manner in the tetrode 
field electron emission device shown in FIG. 1. 

As described above, the manufacturing process of the field electron device of this 
invention provides the following improved advantages: 

(1) Compared to fabricating the cathode by over-etching of the cathode layer or by 
over-etching of the etching mask layer formed on the surface of the cathode layer, it is 
possible to fabricate emission projections having a smaller tip curvature radius. This is 
because the etching properties of the etching mask formed on the surface of flat substrate 1 
are very isotropic and because etching methods that etch at a fast rate, such as wet etching, 
can be used. Became it is difficult to apply wet etching to materials such as molybdenum, it 
is also difficult to form emission projections 4 by means of over-etching of such materials. 

(2) Lgk is generally determined by the film thickness of the island shaped insulating 
layer and the gate electrode. The ability to control the film thickness has increasingly 
become improved and accurate as LSI(Large Scale Integrated circuit) processing technology 
has progressed, thereby making it possible to achieve a field electron emission device with 
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excellent uniformity and a low electron emission threshold voltage. In the technology utilized 
in conjunction with known emission devices, the achievable limit for Lgk was 0.8 microns. 
However, as a result of the method of this invention, it is possible to fabricate and obtain a 
limit for Lgk equal to or below 0.1 microns. 

(3) Emission projection with a small tip curvature radius and a low threshold voltage 
were achieved employing over-etching. In the technology utilized in conjunction with known 
emission devices, the lowest limit of the tip curvature radius is generally 2000 angstroms. 
With this invention, it is possible to obtain tip curvature radii of 400 angstroms or smaller. 

(4) Employing the characteristics of over-etching, convex areas such as mission 
projections 4 are a smaller, sharper tip curvature radius. Conversely, the concave areas 
developed are much smoother. With such characteristics, it is possible to take advantage of 
the convex and concave areas of the cathode to prevent accidental electron emissions and 
shorting conditions between the electrodes. 

(5) It is possible to create a gate electrode which is self-aligned with the cathode of the 
emission device thereby allowing a reduction in parasitic capacitance between the electrodes 
and high-speed operation as well. In particular, by creating the first cathode with low 
resistivity, the method is suitable for high-speed devices having a low resistance and smaller 
line delays. 

(6) FIG. 6(A) is a plan view of a flat tetrode vacuum tube employing the new tetrode 
field electron emission device described above. FIG. 6(B) is a cross sectional view along the 
line of FIG 6(A). The flat tetrode vacuum tube has such a structure in which a flat substrate 
1, which has the tetrode field electron emission device described above, and opposite side 
substrate 14 are provided. These two substrates 1 and 14 are positioned substantially 
parallel to each other with the use of support 17 provided around their periphery to form a 
sealed vacuum chamber 23 with walls comprising flat substrate 1, opposite substrate 14, and 
support 17. Opposite substrate 14 is made of a quartz substrate. On the interior surface of 
substrate 14 facing into vacuum chamber 23 is formed conductive thin film for the purpose 
of preventing the accumulation of electrostatic charges. In addition, there is sealing port 16, 
which seals vacuum chamber 23 after it has been evacuated. Sealing port 16 is sealed off by 
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melting an Cr and Au alloy within the port opening formed of a Cr/Au thin film. Gettering 
layer 18 formed of an Al and Ba thin film alloy is previously formed on the surface of 
opposite substrate 14. After vacuum layer 23 has been completed, it is heated with a laser, 
evaporating it on the walls of vacuum layer to revive the gettering effect. 

Support 17 may be a baked mixture of low melting point glass powder and glass fibers 
having a diameter of 100 microns. It seals and adheres well to both substrates 1 and 14 and 
maintains a uniform gap for vacuum chamber 23 at 100 microns. 

The external accessed pins of the tetrode field electron emission device, i.e., cathode pin 
19, gate pin 20, control pin 21, and anode pin 22, extend outside of vacuum chamber 23 
through flat substrate 1 and side wall support 17 by means of thin metal films. The size of 
the flat tetrode vacuum tube may be about 7 mm in length, 4mm in height and 2.2mm in 
thickness. Compared to the thermoelectric emission type vacuum tubes of the prior art, it is 
very small, with a volume of 1/1000 or lower. The degree of vacuum in vacuum chamber 23 
may be Ixl0~ 7 torr or lower. 

Anode 7 is formed on the surface of flat substrate 1. However, the present invention is 
not limited to this. For example, the anodes may be formed on the surface of the opposite 
substrate. In this case, control electrode 6 may be placed within vacuum chamber 23 so that 
it is positioned between emission projection 4 and anode 7. 

FIG.7 through FIG. 9 illustrate the electrical properties of the tetrode field electron 
emission device described above. FIG. 7 is a schematic diagram of a cathode pounded 
voltage amplifier employing the tetrode field electron emission device of this invention. The 
previously described tetrode vacuum tube is represented by symbol 30, This indicates that 
cathodes 3, gate 5, control electrode 6, and anode 7 has been vacuum sealed within vacuum 
chamber 23. 

The method of driving a voltage amplifier that employs a tetrode field electron 
emission device is as follows. This is to say, cathode 3 is grounded and a positive bias gate 
voltage 26 (V GK ) applied to gate 5. A positive voltage 27 (Vak) is applied to anode 7 through 
load resistance 28 (R L ). A superimposed control bias voltage 25 (Vck) and series connected 
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input signal voltage 24 are applied to control electrode 6. An output signal voltage 29(Vout) 
is obtained at point connected to anode 7 and load resistance 28, which is proportional to 
input signal 24. 

FIG- 8 is a graph showing the electron emission properties of the aforesaid tetrode field 
electron emission device. This is the result of measuring the dependence of gate current 32 
(I g ) and anode current 31 (I A ) on gate voltage 26 of the tetrode field electron emission device. 
In this case, input signal voltage 24 and control bias voltage 25 is at zero volts in the 
electrical connection drawing in FIG. 7. Gate current 32 and anode current 31 increase 
exponentially relative to gate voltage 26, indicating that the emission current is the 
Fowler-Nordheim (F-N) tunnel current. Anode current 31 is about two digits smaller than 
gate current 32. In the driving method of the prior art, which controls anode current 31 with 
gate voltage 26, the electric power conversion efficiency was poor because Ig>Ia- In addition, 
because the transference characteristics are also exponential, it is difficult to use this method 
in a linear amplifier. For this reason, it came to be that anode current 31 is controlled by the 
voltage that is applied to control electrode 6. 

FIG. 9 is a graph show ing the input and output static characteristics of the aforesaid 
tetrode field electron emission device. This is the result of measuring the dependence of 
control current 33(l c ) and anode current 34 on control bias voltage 25 of the tetrode field 
electron emission device. In this case, the gate voltage 26 is at V G k= 140 V, input signal 
voltage 24 is at zero volts and anode 27 is at Vak= 400 V for the device shown in FIG. 7. 
Although anode current 34 changes exponentially (non-linearly) in the range of V C k<0, 
anode current 34 changes in a linear manner in the range of Vck^, i.e., in the range of 
Vck>0, anode current 34 is proportional to the voltage applied to control electrode 6. 
Therefore, this device can be employed as a linear amplifier. Also, control current 33 is 1% 
or lower compared to anode current 34, yielding a field effect voltage amplifier with 
excellent input and output power conversion efficiency. 

An anode 34 current control mechanism from the field effect of such a control 
electrode 6 is similar to the grid electrode of the thermoelectronic emission vacuum tube of 
the prior art, i.e., it is a mechanism in which anode current 34 is controlled by electric field 
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in the form of a bias gradient formed between control electrode 6 and cathode 3 by means of 
bias control of electrode 6. If negative voltage is applied to control electrode 6 and a negative 
electric field is formed in the vicinity of emission projections 4, an repulsion force is applied 
relative to emitted electrons traveling toward anode 7 and the number of electrons that 
reach anode 7 will be limited. 

Since the electrons that are generated from the cathode have an initial velocity, they 
will increase quickly in the direction toward the anode. However, if a control electrode with 
a negative bias is interposed in an intermediate position, electron velocity can be reduced by 
the negative bias gradient of the control electrode, and actually some of the electrons return 
to the cathode. At this state , many of the electrons remain in a region between the cathode 
and the control electrode forming an electron cloud, i.e., a space charge limited region. 
Electrons that are able to continue toward the anode are limited to those with energy levels 
higher than the control electrode bias. It is known that the travel of electrons in such a space 
charge limited region yields very low amounts of noise current The fluctuation of the space 
charge is small compared to the emission current fluctuation (noise current) from the 
cathode. In particular, the fluctuation of electrons with a small amount of energy can be 
ignored. Only some of the electrons, those with a high level of energy, crate noise in the 
anode current the triode field electron emission devices of the prior art do not have or 
contain this space charge control region. Most of the electrons that are emitted from the 
cathode are able to reach the anode(electron transfer through the radiation restricted 
region). Therefore, the emission current noise is expressed as the anode current noise. 

However, if positive voltage is applied to control electrode 6, the strength of the 
repulsion force of the emitted electrons will weaken and anode current 34 will increase. 
Incidentally, positive bias gate electrode 5 performs the same role as the space charge grid 
electrode of the pentode vacuum tubes of the prior art and 20 prevents the retention of a 
space charge in the of cathode 3. As will be discussed later, in this invention, a control 
electrode has been added between anode and control electrode 6 to prevent the effects of the 
secondary electrons from anode 7 

The linear and non-linear regions can be properly utilized by means of proper setting 
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of control bias voltage 25. Operation along the linear region is suitable for a linear 
amplification faction, such as, a linear amplifier. Operation along the non-linear region is 
suitable for switching functions. Also, if gate voltage 26 is made small, control bias voltage 
25, which provides the border line of the linear and non-linear areas, shifts to the low 
voltage side. Therefore, there are features, such as, being able to freely 35 select the voltage 
setting of control bias voltage 25 by making settings as desired to gate voltage 26. However, 
shown in FIG.8, in the tetrode field electron mission device described above, the gate current 
is significantly higher than the anode current, and the parasite 40 current that flows to the 
gate electrode is ineffective. 

FIG. 10 is a graph illustrating the anode static characteristics of the multiple electrode 
field electron emission device of this embodiment. It is the result of measuring the Vak-Iak 
static characteristics when the gate voltage is V G k=140V, input signal is OV, and control bias 
voltage 25 is V GK =20V, 40V, 60V and 80V in the electrical connection diagram in FIG. 7. As 
is understood from FIG. 10, in the multiple electrode field emission device of this 
embodiment, Iak becomes almost constant in the Vak> 150V range. Also, Uk increases in 
proportion to V C k» which is an anode static characteristic that is similar to the 
thermo-electronic emission pentode vacuum tube of the prior art This characteristic is 
suitable for linear amplifier applications because the anode resistance is very large and the 
input and output provide a proportional relationship. 

If the load resistance in FIG. 7 is RL=5 kilomega-ohms, load line 36 in the anode 
electrostatic graphic Illustration of FIG. 10 is realized. The basic functions have been con- 
firmed to be those of an amplifier by means of such a circuit. In other words, when control 
bias voltage 25 was V C k=40 V and a 20-volt sine wave (V in =20Sin (ot)V) was applied as 
input signal 24, a 50V sine wave (V ou t= -50Sin (ot) V) was obtained as output signal 29. The 
voltage amplification ratio was confirmed as 2.5 times the amplification function. When the 
frequency,©, was enlarged and the frequency characteristics were measured as an amplifier, 
the cut off frequency, © c , was 100 MHz or higher. 

FIG. 11 shows the relationship of gate electrode Ic anode current I A and control 
current Ic to control voltage 25 (Vck). Control current Ic is negative when V C k<Vgk. Ion 
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current in the vacuum and leak current on the surface of the substrate are possible causes of 
negative current. However, because the current is stable, it is probably surface leak current 
between the gates- Anode current I A monotonously increases in relation to control voltage 
Vck- When the control voltage is very large, the anode current increases almost 
proportionally to the anode current. In other words, a linear region has been found for the 
transference characteristics. It has been discovered that radiation current is nearly constant 
relative to V C k, and that this radiation current is determined by the gate current and is not 
influenced by the bias of other electrodes. 

FIG. 12 shows the control voltage V A k with the anode characteristics as the parameters. 
Anode current I A increases, with dependence on both anode voltage Vck and control voltage 
Vck, and conforms to the following equation: 

lA=K(V CK +VAK> n 

where K, a and n are constants. The characteristics are the same as those for the 
thermo-electronic radiation triode vacuum tube in a space charge limited area. By 
estimating the amplification factor n(= 1/a) and the mutual conductance gm(=dI A /dI C K) from 
the same diagram, when V AK =330V and when V C k=150V, they are 1 and 2.6E-10S, 
respectively, n value was about 1.3. When V C k> V G k, there is a tendency for some of the 
anode current to flow to the control electrode. 

In the characteristics of FIG. 12, the values of gm and n are very small. Practically, 
values of 1ms or more and 100 or more are respectively demanded. There are a number of 
ways of improving both of these values. However, in the particular case of gm, it is effective 
to increase the radiation current. 

In order to further increase the voltage amplification factor, increase the mutual 
conductance, and increase the frequency characteristics, it is necessary to either increase the 
number of cathode 3 emission projections or devise a structure for gate electrode 5 that 
reduces the number of ineffective gate electrodes while increasing the anode current . In this 
embodiment, there are six emission projections 4. However, if, for example, this was 
increased 10,000 times and the emission current was increased 10,000 fold, the voltage 
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amplification factor and the mutual conductance would increase approximately 10,000 fold, 
allowing the frequency characteristics to improve approximately 100 times. To decrease the 
amount of ineffective gate current, the probability of emitted electrons impacting with gate 
electrode 5 would be reduced by structuring gate electrode 5 so that it has a smaller width, 
or providing its structure to be at an inclined plane with an open angle in the direction of the 
projection of emission projection 4 . 

In this embodiment, the electrical connection method employed was to ground cathode 
3. However, it should be understood that this is not the only configuration. For example, the 
connection method can be the grounding of gate electrode 5. FIG. 13 is a electric connection 
diagram that utilizes the multiple electrode field electron emission device of this embodiment 
but has its gate electrode 5 ground and a negative voltage from cathode voltage 37 is applied 
to cathode 3. This connection method is different from one shown in FIG. 7. This is such an 
amplifier that is easy to employ because the border line of the linear region and the 
non-linear region do not fluctuate as a result of the emission current. 

As shown in FIG. 14, when the radiation current is large, it is possible to utilize a 
driving method having self-biasing resistance Rsb between the cathode and the anode in 
order to achieve an emission current with little noise. FIG. 15 shows the anode 
characteristics in this case. A 2 megohm self-bias resistance R S b has been inserted in series 
with the cathode for stabilizing the emission current. When V A g=-270V. the emission 
current is 10 micro-amps. Based on these results, the values obtained were gm=10 nS and 
u=1.5. 

These characteristics have been summarized in Table I below. Relative to the tetrode 
devices, A corresponds to FIG. 12 and B corresponds to FIG. 15. 



TABLE 1 



Device 


gm 




Transference 
Characteristics 


Desired Characteristics 


>lms 


>100 


Linear 


Tetrode A 


0.2ns 


1 


Nearly linear 
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Device 




V AG = 300 V, V CK = ISO V, I E = 1 


B 


10.0ns 


1.5 


Nearly linear 


V AG = 300 V, V CK = -so V, I E = 10 ^A 


Triode Device 


2.0ns 


>100 


Non-linear 


V AG = 300 V, V CK = 120 V, I E = 1 JiA 



FIG. 16 is a schematic diagram of a pentode field electron emission device, which 
includes, in addition relative to the previous described tetrode field electron emission device, 
a screen electrode S. FIG. 17 shows the anode characteristic for the pentode. Measurements 
were made under the conditions wherein the number of cathode projections are 10,000, Vkg~ 
140V, cathode current I K =20mA, Vsg^IOOV, and R L =1 kilohm. In FIG. 17, if a load of R L =80 
kitohms is applied, as illustrated by the dotted line in FIG. 17, the amplification factor is 
four fold with an operating point of Vi=-40V. A pentode device is characterized by having an 
node current not fluctuating because even if the anode current does change, the electric field 
near the control electrode will not change due to the existence of the screen electrode. In 
other words, the anode resistance r a increases according to the relationship: 

r a =AV A /AI A 

The next described embodiment comprises a hexode field electron emission device and 
its manufacturing process is also described. FIGS. 18(A),(B)and(C) are schematic diagrams 
of a flat hexode field electron , and the cross sectional view taken along the line B-B and line 
C-C , respectively. The device has a structure includeing control electrode 6 and anode 7 
between which are formed screen electrode 50 and suppressor electrode 53. In addition, both 
control electrode 6 and screen electrode 50 include separately columnar shaped control 
electrodes 64 and columnar shaped screen electrodes 65, which are respectively formed on 
top of control electrode 6 and screen electrode 50. These columnar shaped electrodes are 
formed so that they pierce or cross the flat substrate by cathode 3, and their height is at least 
as high as, if not higher than, the film thickness of island shaped insulating layer 2. 

As an example, columnar shaped control electrodes 64 have a column shape with a 
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diameter of 3 microns and a height of 5 microns. The electrode pitch is 10 microns and is 
located about 10 microns away from emission projections 4 and are formed between two 
emission projections. Columnar shaped screen electrodes 65 have a length of 5 microns, a 
thickness of 3 microns and a height of 5 microns. Each columnar shaped control electrode 64 
has been positioned a distance of 10 microns away from one another. Suppressor electrode 
53 may have a width of 5 microns and is located between anode 7 and screen electrode 50. 
The distance of suppressor electrode 53 from screen electron 50 may be about 20 microns 
and from anode 7 may be about 50 microns. 

Cathode 3 includes eight mission projections that are formed with a 5 microns pitch. 
The thickness of island shape insulating layer 2 is 5,000 angstroms. Gate electrode is formed 
so that it self aligns with cathode 3. The distance from emission projections 4 is 3,000 
angstroms. The width of the tip region is about 2 microns. The distance from the control 
electrode is 4 microns. 

The electrons emitted from cathode 3 due to the electric field of gate electrode 5 is 
controlled by the electric field applied by control electrode 6, and this field limits the amount 
of electrons that are able to reach anode 7. Screen electrode 50 is maintained at a constant 
bias to prevent fluctuations of the electric field of control electrode 6 due to the electric field 
of anode 7. Suppressor electrode 53 prevents the secondary electrons generated by anode 7 
from returning to toward control electrode 6. FIG. 19 is for the purpose of describing the 
manufacturing process of the hexode field electron emission device of the embodiment. It is a 
longitudinal cross sectional view of the device after the main fabrication processes have been 
completed. The following is a description of the manufacturing process. 

First, insulating layer 8 and cathode 9 are sequentially formed on the surface of flat 
substrate 1. Then, photoresist layer 11 is formed(FIG. 19(A)). Flat substrate 1 may be made 
of alumina. Because a ceramic substrate, just as alumina substrate, is highly insulating and 
has a large thermal conductance ratio, it is excellent as a substrate for a field electron 
emission device for handing a large amount electric power. Alternatively, a semi-insulating 
GaAs substrate and a diamond substrate may be employed for substrate 1. Insulating layer 
8 may be a 5,000 angstrom thick silicon dioxide thin film. Cathode 9 may be 1,000 angstrom 
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thick tantalum (Ta) thin film. Photoresist layer 11 is used to form cathode 3. 

Next, cathode layer 9 is formed by means of over-etching to form first cathode (3a), 
shown in FIG. 19(B). Dry etching may be employed as the means to achieve over-etching. 
After over-etching in CF4/O2 gas=120/100 and at RF power 700 watts for 25 minutes, 
cathode 9 is over-etched to 1 microns to form emission projections 4 having a tip curvature 
radius of 300 angstroms. 

Next insulating layer 8 is etched in portions to form island shaped insulating layer 2 
and to remove photoresist layer 11, as indicated in FIG. 19(C). The method of forming 
insulating layer 2 is the same as that described in connection with prior embodiments. 

Next, columnar forming layer 56 is formed as indicated in FIG. 19(D). Columnar 
forming layer 56 may be a photosensitive polyimide resin, e.g., negative type PI-410 
manufactured by Ube Kosan, of 5 microns in thickness which is formed by means of coating. 
Alternatively other types of organic materials may be employed and, further, inorganic 
materials may be employed for columnar forming layer 56. 

Next, columnar forming layer 56 is photo-etched to form control electrodes 64 and 
screen electrodes 65 as indicated in FIG. 19(E). If columnar forming layer 56 is itself of a 
photosensitive material, the layer can be processed to form these electrodes by means of 
photo-etching. If the material employed for layer 56 is organic material or inorganic 
material, alternatively, an anisotropic etching method, such as, RIE (reactive ion etching), 
may be employed. 

Next, gate electrode layer 133 is formed using directional particulate deposition and is 
shown in FIG. 19(F). The directional particulate deposition method is sputtering, which is 
used to gate electrode layer 133. Gate electrode layer 133 is made of tantalum (Ta) with a 
film thickness of 2,000 angstroms. In order to form gate electrode layer 133 to cover control 
electrodes 64 and screen electrodes 65 , gate electrode layer 133 is deposited on the side 
surfaces of these electrodes. 

Finally, gate electrode layer 133 is etched to form second cathode (3b), gate electrode 5, 
control electrode 6, columnar shaped control electrodes 54, screen electrode 50, columnar 
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shaped screen electrodes 65 and suppressor electrode 53 as shown in FIG. 19(G). If 
columnar shaped control electrodes 64 and columnar shaped screen electrodes 65 are made 
of an organic material, a high vacuum condition cannot be maintained until they are 
removed. The method of their removal is as follows. First, the surface of flat substrate 1 is 
coated with resist material. At this time, the thickness of the resist formed at the tips of 
columnar shaped control electrodes 64 and columnar shaped screen electrodes 65 is thinner 
compared to other areas of these electrode structures. Then, this resist material is removed 
by means of dry etching and the tips of columnar shaped electrodes and gate electrode layer 
133 will first appear. When gate electrode layer 133 is removed by etching, apertures are 
formed in and through the tips of each electrode. Finally, these electrode columns are 
removed by use of a solvent. Because the columnar shaped electrodes produced in this 
manner are hollow and no longer have organic materials a source of outgassing so that a 
high vacuum condition can be created and maintained by a (heating and vacuumizing) 
method. 

FIG. 20 is a perspective view of a hexode vacuum tube having a hexode field electron 
emission device structure of this embodiment. In this case, the hexode field electron emission 
device is vacuum packed into a metal can. This is to say, flat substrate 111 which supports 
the hexode field electron emission device is fixed in place by a hermetic seal. Wires 162 
connect each electrode to a hermetic pin 161. Hermetic seal 160 and cap 163 are sealed in a 
vacuum to form vacuum chamber 164. In order to continue to maintain a high vacuum 
condition, gettering material 165 is formed and [reduced] on the inner wall of cap 163. 

FIG. 21 is a electric connection diagram of a cathode grounded type voltage amplifier. 
FIG.21 shows the hexode vacuum tube of FIG. 18 indicated symbol 66As shown, cathode 3, 
gate electrode 5, control electrode 6, screen electrode 50, suppressor electrode 53 and anode 
7 are all vacuum sealed within vacuum chamber 164. Cathode 3 and suppressor electrode 53 
are both grounded. A positive bias gate voltage 26 is applied to gate electrode 5. A 
superimposed control bias voltage 25 and input signal voltage 24 are applied to control 
electrode 6. An anode voltage 27 is applied to anode 7 through load resistance 28. A desired 
positive bias is be placed on screen electrode 50. However, for the sake of simplicity, in terms 
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of the number of power supply sources and the numbers of lines, the positive bias can be 
made the same bias as that for gate electrode 5(V G k). It is possible for the connection of 
cathode 5 and suppressor electrode 53 and gate electrode 5 and screen electrode 50 to be 
provided on the surface of flat substrate 1 or inside of vacuum chamber 164. Although this is 
a hexode type of device, as connected, the number of pins and the number of power supplies 
are the same as the previously described tetrode vacuum tube. 

The method of driving the hexode field electron emission device is as follows. First, if a 
constant gate voltage 26 is applied to gate electrode 5, a constant or steady state amount of 
electrons will be emitted or ejected from cathode 3. As long as gate voltage 26 does not 
change, the volume of ejected electrons remains constant. In this condition, with anode 
voltage 27 constant, if input signal 24, which has direct current bias, is applied to control 
electrode 6, the anode current is controlled in proportion to input signal 24 and output signal 
voltage 29, which is amplified through load resistance 28. The field effect of the electrons of 
control electrode 6 will be the same as the effect described in connection with previous 
embodiments. Screen electrode 50 prevents field fluctuations due to voltage fluctuations in 
the vicinity of control electrode 6. It also has the function of improving the anode resistance 
and the frequency characteristics. Suppressor electrode 53 prevents the secondary electrons 
generated by anode 7 from flowing in toward or to control electrode 50. 

When the hexode field electron emission device is driven at Vak =300 V, V G k =160 V, 
V K g =60 V, and R L =1 kilomega-ohm, a voltage amplification factor of p.=8 is achieved. In 
this case, the mutual conductance gm=2xl0 9 S. The frequency characteristics are improved 
two fold compared to the tetrode field electron emission device described in the previous 
embodiment. This is believed to be due to the anode screening effect of screen electrode 50, 

FIG. 22 shows another schematic diagram of the hexode field electron emission device. 
FIG. 23 is a graph showing its anode characteristics, which was measured under the 
conditions of 10,000 cathode emission projections, V K g=-140 V, cathode current, I K =20 mA, 
Vsg =100 V and R L =1 kilohm. As is clear from comparison of FIG. 23 and FIG. 17, the 
anode resistance further increases due to the presence of the suppressor electrode, and 
saturation properties are indicated even if V A c is small. The anode resistance was 8 
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megaohm. 

This invention does not only apply to the flat devices described above. It can also apply 
to vertical devices. As one example, a vertical tetrode field electron emission device formed 
on a silicon single crystal substrate will be described in this embodiment. 

FIG. 24 is an illustration of this invention in the form of a vertical tetrode field electron 
emission device. The device generally comprises a conductive flat substrate 40, for example, 
of an n-type single crystal silicon substrate with a (100) surface; cathode 41, formed on the 
surface of flat substrate 40, which has a pointed shape projecting upward in a vertical 
direction; first insulating layer (42), formed on the surface of flat substrate 40 and 
surrounding the opening at the circumference of cathode 41; gate electrode 43, formed on 
the surface of first insulating layer (42) and surrounding the opening at the circumference of 
cathode 41; second insulating layer (44), formed on the surface of gate electrode 43 and 
surrounding the opening at the circumference of cathode 41; control electrode 45, formed on 
the surface of second insulating layer (44) and surrounding the opening at the circumference 
of cathode 41; and opposite substrate 46, on which is formed anode 47, which is located on 
the opposed side of the vacuum layer 48 which is at the control electrode 45. 

The result of the anisotropic etching of flat substrate 40 is a substantially conical 
shaped anode 41 whose plumb axis is perpendicular to the surface of flat substrate 40 and 
has a height of about 1.2 microns. Its cross sectional apex angle is about 90 degrees. In the 
alternative, cathode 41 may be formed by other methods of fabrication in this invention. For 
example, the cathode may be Spindle type. First insulating layer (42) and second insulating 
layer (44) may be made of silicon dioxide thin film having respective thickness of 6,000 
angstroms and 3 microns. The diameter of the openings formed in both insulating layers are 
approximately the same, e.g., 3 microns. Gate electrode 43 and control electrode 45 may be 
made from molybdenum with respective film thickness of 2,000 angstroms and 3,000 
angstroms. The diameter of the opening forming each electrode 43 and 45 may be the same, 
e.g., about 1.2 microns. Flat substrate 40 and opposite substrate 46 are attached relative to 
each other by means of a support which surrounding their out circumference. Vacuum 
chamber 48 is formed between them. The spatial depth of vacuum region 48 is 50 microns. 
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Anode 47 may be a transparent conductive aluminum film. 

The operating functions of the tetrode field electron emission device of FIG. 24 are as 
follows. Relative to cathode 41, when a positive bias is applied to gate electrode 43, electrons 
are ejected from the projecting tip of cathode 41. These emitted electrons pass through the 
openings forming gate electrode 43 and control electrode 45 and arrive at anode 47, However, 
the amount of electrons, i.e., the anode current, that are able to reach anode 7 can be 
controlled by the bias voltage placed on control electrode 45. The anode current control due 
to the field effect of control electrode 45 functionally operates in the same manner as control 
electrode 6 in the first embodiment. Therefore, a linear region exists wherein the applied 
voltage of control electrode 45 and the anode current are proportional to each other. In other 
words, when the voltage of control electrode 45 is sufficiently negative, a negative bias 
gradient is created out from control electrode 45 in a direction toward cathode 41 and the 
ejected electrons are bounced back in a direction toward gate electrode 43. In such a 
situation, therefore, the anode current is small. However, when the voltage of control 
electrode 45 is sufficiently, a positive bias gradient is created so that any electrons will pass 
beyond control electrode 45 toward anode 47 creating a large anode current. 

The electrical operating characteristics of a tetrode field electron emission device of the 
embodiment were measured using an emission device having 10,000 cathodes 41. In a circuit 
configuration where the cathode is grounded, with an applied gate voltage of 120 V, an anode 
current of 3 mA was obtained. The change in the anode current relative to the voltage 
applied to control electrode 45, i.e., the mutual conductance, was gm=20 \is. The parasitic 
current that flowed to gate electrode 43 was one percent or less indicating the excellent 
characteristics that are achieved. 

It is also recognized that if a screen electrode and a suppressor electrode are utilized in 
the tetrode field electron emission device, its electrical operating characteristics can be 
improved. Also, in the foregoing embodiment, anode 47 is formed on an opposing substrate 
46. However, alternatively, anode 47 may be formed on the flat surface of substrate 40. In 
this case, control electrode 45 may be disposed between anode 47 and gate electrode 43. For 
example, It may be located on the middle of the vacuum layer 48. Additionally, in order to 
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reduce capacitance between overlapping electrodes, high frequency characteristic and 
pressure resistance, it is suitable that interconnection is formed on the base of the film 
cathode 41 to remove excessive regions and overlapping regions. In this case one insulating 
flat substrate 40 is used. 

As with the tetrode field electron emission device of the embodiment, the multiple 
electrode field electron emission device is either formed so that gate electrode 43 is 
perpendicular to the direction of electron emissions from cathode 41 or formed so that the 
opening of gate electrode 43 surrounds the route of flow of the electrons, reducing the 
parasite current that flows to gate electrode 43 and yielding excellent power efficiency. The 
reason for this is that when the emitted electrons pass by gate electrode 43, they only slightly 
traverse across a distance with the degree of thickness of gate electrode 43. This is, in part, 
because the emitted electrons have only a small probability of impacting with gate electrode 
43 as they pass through the center of the electrode opening. It would be very effective to 
apply this type of structure to a horizontally structured, multiple electrode field electron 
emission device. 

In order to increase the mutual conductance of a horizontal multiple electrode tube, for 
example, it is necessary to devise a gate electrode structure in the tetrode field electron 
emission device shown in FIG. 1 so that the emission surface area of cathode 3 is larger. 
However, if the emission surface area is increased, there will be an increase in the number of 
electrons that flow to gate electrode 5. As a result, the problem is that it is difficult to achieve 
power amplification having high performance. 

FIG. 25 is a perspective view of an enlarged multiple electrode electron emission device 
that has a horizontally arranged, ringed shaped gate electrode 51. The electrode 51 is formed 
between cathode 3 and anode 7. Cathode 3 has the same basic structure as described and 
shown in the embodiment of FIG. 1. Openings 52 are formed in a portion of gate electrode 
51 and are substantially aligned with the tips of emission projections 4 of cathode 3. This 
structure reduces the gate and control currents by passing electrons that are emitted from 
emission projections 4 through openings 52 thereby allowing a reduction in parasite current 
and an increase in input resistance. 
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openings 52 need not be limited to the particular shape shown in FIG. 25. The 
structure need only be such that ejected electrons are substantially enabled to pass from 
projections 4 through the electrode apertures. Therefore, openings 52 may be of a circular, 
square, polygon or other such shape. Even if openings 52 are not formed so as to be 
substantially in aligned correspondence with emission projections 4 such as in the case, for 
example, wherein every second opening is formed so as to align with emission projections 4, 
the electron emission device will still be operational. 

As previously indicated in connection with FIG. 8, the poor power conversion ratio of 
I G >Ia can be improved on by providing an opening in gate electrode 51 so that a field 
electron emission device with linear input and output electrostatic properties can be offered. 
In FIG. 25, as with gate electrode 51, the structure of control electrode 61 is also formed to 
have aligned openings 62 to permit the emission or anode current to pass through them. 
Alternatively, control electrode 61 may have a flat electrode structure like that shown in the 
embodiment of FIG. 1. 

In the case of a tetrode field electron emission device with the type of gate electrode 
structure shown in FIG. 25, it is possible for it to have the linear input and output 
relationship possessed by the structure shown in FIG. 1. It is possible to drastically reduce 
the gate current (a gate current of 1/10 or less of the anode current) and drastically reduce 
the gate parasite current. 

An alternate form for control electrode 61 is shown in FIG. 26. Electrode 61 comprises 
a plurality of columnar shaped control electrodes 63 formed in an aligned arrangement 
relative to the interval spacing between adjacent openings 52. Control electrodes 63 may be a 
variety of shapes such as cylindrical, square, conical or pyramid shape in cross section. 

The number of electrodes to be formed relative to any embodiment of this invention is 
optional. Quite naturally, it could be a hexode field electron emission device, for example. It 
is possible to have the structure of gate electrode 20 of the hexode field electron emission 
device shown in FIGS. 18(A), 18(B), and 18(C) replaced by the gate electrode 51 structure 
shown in FIG. 25. 
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This would produce a device with gate electrode 5 in FIG. 18 being replaced by the gate 
electrode 51 structure shown in FIG. 25. In such a case, the electrons that are emitted from 
emission projections 4 would be controlled by the electric field of control electrode 6, and the 
amount of electrons reaching anode 7 would be controlled by the control electrode bias. 
Further, screen electrode 50 will be maintained at a constant electrical bias, preventing 
fluctuation in the electric field of control electrode 6, which is caused by the electric field of 
anode 7. Suppressor 53 prevents the secondary electrons generated by anode 7 from 
returning in the direction toward control electrode 6. 

However, problems occur in terms of manufacturing three dimensional gate electrode. 
For example, the gap control is difficult to master in thin film manufacturing technology. 
Further, the distribution of the electric field between the cathode and the gate electrode is 
not uniform so that there is a limit to the I a /I g characteristics. Moreover, the manufacturing 
process requires four photo mask steps, necessitating the use of a complex manufacturing 
technology. For these reasons, and based on the objective of providing a three dimensional 
electrical field distribution between the cathode and the gate electrode, it is desirable to 
provide for the manufacture of a gate electrode of uniform construction and also allow for 
accurate self alignment(even if a electrode is offset from a position, another electrode is 
provided on a corresponding position). 

The following disclosure is about multiple electrode field electron emission device and 
the process of the device. It achieves a stable electrode and greatly improves the Ia/Ig 
characteristics. This multiple electrode field electron emission device comprises cathodes 
that are formed on top of the insulating layer that is formed on the surface of the insulated 
flat substrate, and that has multiple emission projections that overhang frown the insulating 
layer, including anodes that are formed on the surface of the flat substrate and which collect 
the emitted electrons, and comprises a number of columnar shaped gate electrodes that are 
formed in between the cathodes and the anodes. The emission projections are located 
between the adjacent gate electrodes and the shape of the gate electrodes corresponds to 
emission projections on the cathode. The multiple electrode field electron emission device is 
fabricated by forming an insulating layer and an electrode layer in sequence on the surface 
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of an insulated flat substrate by leaving a flat pattern of the gate electrodes and applying 
photoresist. Then, the emission projections are formed by etching beyond the flat pattern 
using an etching solution that flows from the flat pattern. Lastly, the columnar shaped gate 
electrodes are formed in a position on the flat pattern and the resist is removed. 

FIG. 27(a) is a plan view of another embodiment of the new multiple electrode field 
electron emission device. FIG. 27(b) is a cross sectional view taken along line a-a of FIG. 
27(A). FIG. 27(c) is a cross sectional view taken along line b-b of FIG. 27(a). FIG. 27(d) is a 
perspective view of an enlarged portion of the device shown in FIG. 27(a). In FIG. 27(a), 
cathode 303, gate electrode 305, and anode 307 are formed on the flat surface of substrate 1 
which comprises quartz. Cathode 303 is formed as a thin film, for example, having a 
thickness of 2,000 angstroms, on the surface of silicon dioxide island shaped insulating layer 
302. Overhanging emission projections 4 are formed in cathode 303. Cathode 303 may be 
fabricated from two or more thin film layers. For example, cathode 303 may be a 
molybdenum thin film formed on top of a tungsten thin film. Emission projections 4 have 
tips that project in the direction of gate electrodes 305 with surfaces substantially parallel 
with the surface of flat substrate 1. Island shaped insulating layer 302 does not exist below 
the tip area of emission projections 4. The tip curvature radius of emission projections 4, as 
viewed from their planar extent, is 400 angstroms or less. 

The structure of gate electrodes 305 is formed so as to self aligns with the structure of 
cathode 303. Relative to the pentagonal column shape of electrodes 305, one corner facing in 
the direction of cathode 303 has, for example, an angle .8. in the range from 60 to 90 degrees. 
Emission projections 4 are formed in the interval between adjacent gate electrodes 305. 
Therefore, the electrical field distribution in the vicinity of emission projections 4 is laterally 
symmetrical. If the height, G, of the pentagonal column of gate electrodes 305 is formed so as 
to be taller than that of cathode 303, the distribution of the electrical field in the area of 
emission projections 4 will be laterally symmetrical as well as uniform in the vertical 
direction. As a result, the electrons emitted from emission projections 4 by means of an 
established electrical field between cathode 303 and gate electrodes 305 will pass through the 
spatial interval between gate electrodes 305 and arrive in an efficient manner at anode 307. 
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This will allow a marked reduction in the parasitic current in the gate current, i.e., the I, /I g 
characteristics (power conversion ratio) will be a significantly improved. 

The structure of gate electrode 305 is not limited to a pentagonal column shape. The 
structure can be a column shape wherein a symmetrical electric field is formed in the 
vicinity of the emission projections 4 and in which the emitted electrons are efficiently 
emitted to anode 307. Other examples are a triangular column shape or a column shape with 
a curved back. 

In the foregoing embodiment, a flat triode field electron emission device has been 
disclosed. However, this embodiment can also be easily modified to have a tetrode or pentode 
type electrode field electron emission structure. 

In FIG. 27, gate electrodes 305 are connected by means of gate electrode interconnect 
71. As an example of the dimensions for this embodiment, the distance A, between gate 
electrodes 305, may be about 3 microns. Distance B of the pentagonal column of gate 
electrodes 305 may be about 5 microns. Distance C may be about 7 microns. Gap D between 
gate electrode 305 and cathode 3 may be about 1.5 microns. The thickness of the island 
shaped insulating layer 302 may be about 0.5 microns. The thickness F of electrode 303 may 
be about 0.1 microns. 

Next to be described is the manufacturing process generally. FIGS. 28, 29, and 30 each 
describes manufacturing steps followed for this embodiment. First, as indicated in FIG. 
28(a), a thermal CVD method is used to form silicon dioxide thin film 311 on the surface of 
substratel, which is made of quartz glass, etc. Next, a technique, such as, sputtering is 
employed to form tungsten layer 312 on top of silicon dioxide thin film layer 311. However, 
the material for this layer is not limited to tungsten. For example, it could be a material, 
such as, tantalum. After this, as indicated in FIG. 28(b), resist holes 313, remain which have 
the shape of the cross section of gate electrode columns, and a resist layer 314 is formed. FIG. 
28(c) is a cross sectional view taken along the line b-b of FIG. 28(b), in which reference 
numbers are same as those of FIG 28(a) and (b). When CF 4 gas, etc is used to etch, tungsten 
layer 314, which is exposed in resist holes 313 is etched. As a result, as shown in FIG. 29(a), 

! 

I 

silicon dioxide layer 316 in FIG. 28(c) is exposed. 
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After this, using an HF type etching solution, silicon dioxide film 316 in FIG. 29(a) is 
etched. When that film is over-etched, the reverse taper shown by the cross section of silicon 
dioxide film 311 in FIG. 29(b) is obtained. Next, when tungsten film 312 is etched with a CH4 
type etching solution, the etching of the tungsten progresses to dotted lines 317 and 318 
shown in FIG. 29(c)which is taken along the line c-c of FIG. 29(d). This results in the 
formation of cathode emission projections 319. Since the etch solution that flows from resist 
holes 313 over-etches the tungsten film along the shape of resist holes 313 from both sides of 
resist holes 313, the tips of emission projections 319, which is part of the cathode that is 
formed, are sharp. In addition, and the tip position is equally distant from the adjacent resist 
holes 313. As a result, in the manufacturing process, it possible for the emission projection 
319 that is formed to always be positioned in the middle of the adjacent resist hole 313, even 
though there may be an error in the positioning of resist hole 313. Also, the distribution of 
the electrical field formed by emission projection 319 and the gate electrode is always 
laterally symmetrical. That is, it is possible to form the cathode and the gate electrode so that 
they self align. 

After this, a film of molybdenum, etc., the material that forms the gate electrode, is 
formed using vapor deposition or sputtering to yield molybdenum films 321 and 322. These 
are shown in the cross section in FIG. 30(a). As for molybdenum film 321, the flat shape is 
the same as that of the gate electrode, which has the same shape as resist hole 313. 
Depending on the manufacturing conditions of the vapor deposition or the sputtering, it is 
possible to form molybdenum film 321 at a height that is higher than tungsten film 312. 
When resist layer 314 is lifted off, the results are as shown in FIG. 30(a) and FIG. 30(b). The 
cathode and gate electrodes will be formed as shown in FIG. 27(c). 

As for the formation of the anode in this invention, when the area of broken line 317 is 
etched, and this area is formed through over-etching in the step shown in FIG. 29(c), 
tungsten film 320 may be used as the anode. In addition, the anode may be fabricated 
separately. However, in such a case, tungsten film 320 may also be used as the control 
electrode of a multiple electrode field electron emission device, or it may be eliminated if it is 
not necessary. 
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The gate electrode interconnect 71 is fabricated in advance using a photo mask. 
Therefore, with this manufacturing process, it is possible to fabricate using two photo mask 
steps, a photo mask step that patterns the gate electrode interconnects and a photo mask 
step that forms the resist film shown in FIG. 28(b). 

The position of the gate electrode interconnection can be placed where desired. 
Therefore, if it is formed close to the cathode, the electric field between the cathode and the 
electrode will increase, offering a device with an excellent electric field. 

In the step of FIG. 30(a) in the manufacturing process described above, when the 
molybdenum layer is formed either by vapor deposition or sputtering, sometimes a 
molybdenum bridge is formed between molybdenum film 321 and molybdenum film 322, as 
shown in FIG. 31. Since this is not good for the formation of the gate electrode, the 
manufacturing process should be one that docs not form bridge 323. 

Such a manufacturing process is shown as an example below. FIG. 32(a) is an 
enlargement of a section of FIG. 28(C), showing the same manufacturing steps. When the 
gate electrodes are formed in advance on substrate 1, interconnect pattern 325, which 
corresponds to the shape of the resist holes, can be fabricated.(The material for interconnect 
pattern 325 may be, for example, aluminum, but may also be other types of material.) 

In this configuration, when silicon dioxide layer 311 is over-etched, as shown in FIG. 
32(b), the interconnect pattern is exposed. Therefore, as shown in FIG. 32(c), a thin layer of 
aluminum 326 is formed on top of the interconnect pattern 325 by means of vapor deposition 
or sputtering. Aluminum layer 327 is formed on top of resist layer 314. 

Next, after tungsten layer 312 is over-etched, as shown in FIG. 32(d), resist layer 314, 
which is around the periphery of resist hole 328, is removed using oxygen plasma forming 
the structure as shown in FIG. 32(e). Next, gate electrode metal 329, which is the material 
for the gate electrode (which may be aluminum or molybdenum) is formed by means of 
vapor deposition or sputtering as illustrated in FIG. 32(f). After that, the resist may be 
removed as illustrated in FIG. 32(g). When forming the gate electrode by means of this 
manufacturing process, the bridge described above is difficult to form because the periphery 
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of resist layer 14 is removed. 

EFFECT OF THE PRESENT INVENTION 

The invention as disclosed in the several embodiments of this invention has the 
following remarkable advantages. 

(1) Because the voltage of the control electrode and the current of the anode are in a 
linear relationship, the input and output transference characteristics are linear. Further, the 
anode resistance is very large. As a result, it can be used in a linear amplifier, something that 
has been difficult with the technology of the prior art. 

(2) The parasite current that flows to the gate has been decreased markedly. From the 
perspective of the consumption of current, it is a multiple electrode field electron emission 
device which has an effective linear amplification effect. 

(3) Because the input resistance of the control electrode is very large, it can be used in 
field effect amplifiers and switching devices. 

(4) Compared to the thermo-electronic emission vacuum tubes of the prior art, the 
current, voltage, and power that can be handled is either the same or better. In addition, it is 
very small. 

(5) Because mutual conductance and the degree of linearity of the transference 
characteristics can be controlled by the gate voltage, even using the same device, special 
parameters can easily form different circuits. 

(6) There is a great degree of freedom in configuring a device that responds to an 
application, such as a device with excellent frequency characteristics, a device with excellent 
power efficiency, or a device that is able to handle large and small power supplies. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a perspective view of a tetrode field electron emission device. 

FIG. 2 is a schematic diagram of the steps of manufacture process of the tetrode field 
electron emission device of FIG. 1. 
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FIG. 3 is an enlarged perspective view of a portion of a new triode field electron emission 
device of embodiment of the invention. 

FIG. 4 is a schematic diagram of the steps of manufacture process of the tetrode field 
electron emission device of FIG. 3(longitudinal cross sectional view). 

FIG. 5 is a schematic diagram of manufacture steps of FIG. 4. 

FIG. 6 illustrates a flat tetrode vacuum tube employing the tetrode field electron emission 
device of FIG. 1, and a cross section taken along the line A- A. 

FIG. 7 is an electrical connection diagram of a cathode grounded device employing a tetrode 
field electron emission device. 

FIG. 8 is a graphic illustration of the electron emission characteristics of the device of FIG. 
7. 

FIG. 9 is a graphic illustration of the input and output electrostatic characteristics of the device 
of FIG. 7. 

FIG. 10 is a graphic illustration of the anode electrostatic characteristics of the device of FIG. 
7. 

FIG. 11 is a graphic illustration of the relationship between gate current, anode current, and 
control current of the control electrode of a tetrode field electron emission device. 

FIG. 12 is a graphic illustration of the anode characteristics of the tetrode field electron 
emission device. 

FIG. 13 is an electric connection diagram of another tetrode field electron emission device. 

FIG. 14 is an electric connection diagram of still another tetrode field electron emission 
device. 

FIG. 15 is a graphic illustration showing the anode characteristics in the electric connection 
state of FIG. 14. 

FIG. 16 is an electric connection diagram of a pentode field electron emission device. 

FIG. 17 is a graphic illustration of the anode characteristics in the electric connection state 
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of FIG. 16. 

FIG. 18(A) is a schematic diagram of a hexode field electron emission device. FIGS. 18(B) 
and 18(C) are cross sections of the hexode field electron emission device. 

FIG. 19 is a schematic diagram illustrating the steps of manufacture for the hexode field 
electron emission device of FIG. 18. 

FIG. 20 is a perspective view of a hexode vacuum tube employing the hexode field electron 
emission device. 

FIG. 21 is an electric connection diagram of the hexode field electron emission device. 

FIG. 22 is another electric connection diagram of the hexode field electron emission device. 

FIG. 23 is a graphic illustration of the anode characteristics of the device of FIG. 22. 

FIG. 24 is a cross sectional view of a vertical tetrode field electron emission device. 

FIG. 25 is a perspective view of a tetrode field electron emission device whose gate electrode 
and control electrode have openings. 

FIG. 26 is a perspective view of an embodiment in which the control electrodes illustrated in 
FIG. 25 have a column shaped electrode structure. 

FIG. 27(a) is a plan view of a triode field electron emission device in another embodiment of 
this invention. 

FIG. 27(b) is a cross section of the device of FIG. 27(a) taken along the line a-a of FIG. 27(a). 
FIG. 27(c) is a cross section of the device of FIG. 27(a) taken along the line c-c of FIG. 27(a). 
FIG. 27(d) is a perspective view of the device. 

FIG. 28 is a schematic diagram of the steps of manufacture process of the tetrode field 
electron emission device of FIG. 27. 

FIG. 29 is a schematic diagram of the steps of manufacture process of the tetrode field 
electron emission device of FIG. 27. 

FIG. 30 is a schematic diagram of the steps of manufacture process of the tetrode field 
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electron emission device of FIG. 27. 

FIG. 31 is a schematic diagram illustrating the formation of a bridge structure in the 
manufacturing process illustrated in FIG. 29 and FIG. 30. 

FIG. 32 is a schematic diagram illustrating how not to form a bridge structure in the 
manufacturing process illustrated in FIG. 29 and FIG. 30. 

FIG. 33 is a schematic diagram of a prior art triode field electron emission device. 
NOTE OF THE REFERENCE NUMBERS 

1 . flat substrate 

2. island shaped insulating layer 

3. cathode 

3a. first cathode 
3b. second cathode 

4. emission projection 

5. gate electrode 

6. control electrode 

7. anode 

7a. first anode 
7b. second anode 
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What is claimed is: 



1. A multiple electrode field electron emission device , characterized by comprising at least: 
a cathode that ejects electrons by means of field effect ,a gate electrode for applying an 
electric field on said cathode, an anode for collecting the ejected electrons, and a control 
electrode disposed between said cathode and said anode for controlling said ejected 
electrons. 

2. The multiple electrode field electron emission device of claim 1, wherein a screen electrode 
disposed between said control electrode and said anode to electrostatically screen said 
control electrode and said anode. 

3. The multiple electrode filed electron emission device of claim 1, wherein a screen electrode 
disposed between said control electrode and said anode to electrostatically screen said 
control electrode and said anode, and a suppressor electrode is disposed between said screen 
electrode and said anode for controlling secondary electrodes emitted from said anode. 

4. A multiple electrode field electron emission device, characterized by comprising at least: 
an island shaped insulating layer disposed on one surface of an insulated flat substrate; a 
cathode having an emission projection disposed on a surface of said island shaped insulting 
layer and overhanging said island shaped insulting layer; a gate electrode disposed on said 
surface of said flat substrate and being nearly perpendicular to an adjacent region of the 
emission projection; an anode disposed on said surface of said flat substrate in opposite 
relation to said cathode, and said gate electrode is located between said anode and said 
cathode; and a control electrode disposed between said gate electrode and said anode on said 
surface of said flat substrate. 

5. The multiple electrode field electron emission device of claim 4, wherein a screen electrode 
is disposed between the control electrode and the anode formed on the surface of the flat 
substrate. 

6. The multiple electrode field electron emission device of claim 4, wherein a screen electrode 
is disposed between the control electrode and the anode formed on the surface of the flat 
substrate, and a suppressor electrode is disposed between said screen electrode and said 
anode formed on the surface of the flat substrate. 
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7 The multiple electrode field electron emission device of claim 4 wherein a portion of said 
control electrode has a substantially columnar shape on the surface of the flat substrate. 

8. The multiple electrode field electron emission device of claim 5 wherein portions of both 
said control and screen electrodes have a substantially columnar shapes on the surface of the 
flat substrate. 

9. The multiple electrode field electron emission device of claim 6 wherein portions of both 
said control and screen electrodes have substantially columnar shapes on the surface of the 
flat substrate. 

10. A multiple electrode field electron emission device, characterized by comprising: a 
plumb shaped cathode disposed on a surface of the conductive flat substrate and having 
nearly vertical plumb axis; a first insulating layer disposed on the flat substrate and having 
openings surrounding the peripheral portion of said cathode; a gate electrode layer disposed 
on the first insulating layer and having openings surrounding the peripheral portion of said 
cathode; a anode layer disposed on a surface of said opposing substrate formed at a side of a 
vacuum layer; and a control electrode disposed in between said gate electrode and said 
anode. 

11. A method of driving a multiple electrode field electron emission device characterized by 
the steps of grounding a cathode; applying a positive bias gate voltage to a gate electrode; 
applying a positive bias voltage to a anode usually larger than the voltage on the gate; and 
applying an input signal voltage to the control electrode to control the amount of anode 
current flow. 

12. A method of driving a multiple electrode field electron emission device characterized by 
the steps of grounding a gate electrode; applying a negative bias gate voltage to a cathode; 
applying a, positive bias voltage to a anode; and applying an input signal voltage to the 
control electrode to control the amount of anode current flow. 

13. A method of driving a multiple electrode field electron emission device characterized by 
the steps of grounding a gate electrode; applying a negative bias gate voltage to a cathode 
through resist connecting with the cathode in series; applying a positive bias voltage to a 
anode; and applying an input signal voltage to the control electrode to control the amount of 
anode current flow. 
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14. A method of driving a multiple electrode field electron emission device characterized by 
the steps of grounding a gate electrode; applying a negative bias gate voltage to a cathode; 
applying a positive bias screen voltage to a screen electrode; and applying an input signal 
voltage to the control electrode to control the amount of anode current flow. 

15. A method of driving a multiple electrode field electron emission device characterized by 
the steps of grounding a cathode and a suppressor electrode; applying a gate voltage to a 
gate electrode and a screen cathode; applying a anode voltage to a anode; and applying an 
input signal voltage to the control electrode to control the amount of anode current flow. 

16. A multiple electrode field electron emission device comprising a cathode arranged on an 
insulating layer arranged on a surface of a flat substrate, said cathode having a plurality of 
emission projections overhanging a portion of said insulating layers; an anode arranged on 
said flat substrate surface for collecting ejected electrons; a gate electrode arranged between 
said cathode and said anode and having at least one opening in a region corresponding to an 
emission projection; and a control electrode arranged between said gate electrode and said 
anode. 

17. A multiple electrode field electron emission device comprising a cathode arranged on an 
insulating layer arranged on a surface of a flat substrate, said cathode having a plurality of 
emission projections overhanging a portion of said insulating layers; an anode arranged on 
said flat substrate surface for collecting ejected electrons; a gate electrode arranged between 
said cathode and said anode and having at least one opening in a region corresponding to an 
emission projection; a control electrode arranged between said gate electrode and said anode; 
and a screen electrode arranged said control electrode and said anode. 

18. A multiple electrode field electron emission device comprising a cathode arranged on an 
insulating layer arranged on a surface of a flat substrate, said cathode having a plurality of 
emission projections overhanging a portion of said insulating layers; an anode arranged on 
said flat substrate surface for collecting ejected electrons; a gate electrode arranged between 
said cathode and said anode and having at least one opening in a region corresponding to an 
emission projection; a control electrode arranged between said gate electrode and said anode; 
a screen electrode arranged said control electrode and said anode; and suppresser electrode 
arranged said screen electrode and said anode. 
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19. The multiple electrode field electron emission device of claim 16, 17 or 18, wherein the 
opening is arranged all of the regions corresponding to the plurality of emission projections. 

20. The multiple electrode field electron emission device of claim 16, 17 or 18, wherein a 
second opening is arranged on the control electrode and corresponds to said opening. 

21. A method of manufacturing a field electron emission device having a emission projection 
projecting substantially parallel to a surface of flat substrate, and contains at least an 
etching mask layer on the surface of flat substrate, a cathode layer arranged the surface of 
said etching mask layer, said method comprising the steps of: depositing and forming an 
etching passivation layer on said cathode layer, fabricating the etching mask layer to form 
an etching mask layer, which has the emission projections, and forming said cathode layers 
on the flat surface of the etching mask and with emission projections. 

22. A method process for a field electron emission device comprising the steps of forming an 
etching mask layer on the surface of a flat substrate base, forming a cathode layer 
comprising two layers of mutually different materials on the surface of the etching mask 
layer, forming a photoresist layer on the surface of said cathode layer, fabricating said 
cathode layer in the flat shape of said photoresist layer, fabricating said etching mask layer 
using an over-etching method, fabricating said cathode layer in the shape of the etching 
mask to form the cathode, removing said etching mask from a lower circumference of the 
cathode to form said cathode in an eave-shape, a process that forms the gate electrode layer 
using a particulate deposition method, and a process that fabricates said gate electrode layer 
to form the gate electrode. 

23. A multiple electrode field electron emission device comprising a cathode arranged on an 
insulating layer arranged on a surface of a fiat substrate, said cathode having a plurality of 
emission projections having ends overhanging a portion of said insulating layers, an anode 
arranged on said flat substrate surface for collecting ejected electrons, the multiple electrode 
field electron emission device has such a structure which has a plurality of columnar shaped 
gate electrode arranged between said cathode and said anode, wherein said emission 
projection arranged between adjacent gate electrodes, and said gate electrode is a convex 
which corresponds to said emission projection on the cathode . 
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24. The multiple electrode field electron emission device of claim 23, wherein the gate 
electrode is a pentagonal column shape. 

25. The multiple electrode field electron emission device of claim 23, wherein the gate 
electrode is higher than said emission projection. 

26. A manufacturing method for a multiple electrode field electron emission device of claim 
23, comprising the steps of: forming an insulating layer and an electrode layer in sequence 
on the surface of an insulated flat substrate, then, after leaving a flat pattern of the gate 
electrodes and applying photoresist, emission projections are formed by over-etching the 
electrode layer and insulating layer, over-etching being realized by using an etching solution 
so that it penetrates said flat pattern and beyond said flat pattern hence forming the 
emission projections, next, a columnar shaped gate electrode is formed in a position on the 
flat pattern and resist is removed. 

27. A manufacturing method of claim 26,wherein the resist around the flat pattern is 
removed before the gate electrode is formed at said position. 
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Abstract 

A multiple electrode field electron emission device is formed on an insulating layer 
disposed on a surface of an insulated flat substrate and the device includes at least a cathode 
with multiple of emission projections that overhangs the insulating layer, an anode for 
collecting electrons ejected from the cathode emission projections formed on the surface of 
the substrate, a control electrodes formed between the cathode and the anode. The device is 
fabricated using over-etching and directional particulate deposition techniques. 
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